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We investigated the use of attenuated total re¯ec-
tion±Fourier transform infrared spectroscopy as a
method to study differences in the molecular com-
ponents of human stratum corneum in vivo. These
variations as a function of the anatomic site and of
the depth into its layered structure are important to
understand the biology and physiology of the tissue.
In this preliminary study we have investigated spec-
troscopic changes in 18 healthy individuals. Total
re¯ection±Fourier transform infrared spectroscopy
represents a potentially powerful tool to study bio-
physical properties of surfaces. We observed that, in
vivo, biophysical parameters of the stratum corneum
(such as hydration, lipid composition, and confor-
mation of the aliphatic chains) are indeed dependent
on the anatomic site. As in total re¯ection±Fourier
transform infrared spectroscopy experiments the
penetration depth of the evanescent ®eld into the
stratum corneum is comparable with the thickness of
a layer of corneocytes, this technique can be used to
follow the distribution of lipids, water, and proteins
as a function of depth into the tissue. We found that,
in vivo, these molecular components are non-uni-
formly distributed, in agreement with the presence
of water and lipid reservoirs as observed with ex vivo
ultrastructural investigations. Composition and con-
formational order of lipids are also a function of
depth into the stratum corneum. Finally we com-
pared the in vivo super®cial hydration measured
using the infrared absorption of the OH stretch of
water, with the hydration measured using the Skicon
hygrometer. Our results indicate that total re¯ec-
tion±Fourier transform infrared spectroscopy might
be useful to measure important chemical and
biophysical parameters of stratum corneum in vivo.
Key words: infrared spectroscopy/in vivo spectroscopy/skin
hydration. J Invest Dermatol 116:380±386, 2001
S
tratum corneum (SC) is a complex and dynamic tissue
(Potts and Francoeur 1990; Forslind 1994; Harris et al,
1997; Forslind et al, 1998b). It serves as a barrier to both
water loss and to penetration of exogenous substances
(Elias et al, 1981; Grubauer et al, 1987). It has been
shown that, in the SC, physical and chemical differences occur as a
function of time and anatomic site according to local properties of
permeability and biologic function (Lampe et al, 1983; Downing
1992; von Zglinicki et al, 1993; Forslind et al, 1998a,b; Stewart and
Downing 1999). SC is also characterized by an inhomogeneous
distribution of its molecular constituents as a function of depth
(Lampe et al, 1983) and in recent years, advanced ultramicroscopic
techniques have provided ex-vivo high resolution images of
microstructures in the epithelium (Elias and Brown 1978; Garson
et al, 1991; Downing 1992; Hohl et al, 1993; Menon and Ghadially
1997). It has been shown, for instance, that a basic component such
as water, is contained in dynamic reservoirs (called lacunae)
(Menon and Ghadially 1997) that channel throughout the SC.
Lipids are also inhomogeneously distributed throughout the tissue,
and lipid reservoirs exist in particular layers (Bommannan et al,
1990). More information and methods are, however, needed for
the in vivo characterization of the molecular components of SC.
Molecular investigations of SC are typically lengthy even for
gross characterizations (Cotterill et al, 1971; Stewart et al, 1986).
Recently, attenuated total re¯ection±Fourier transform infrared
spectroscopy (ATR-FTIR) (Harrick 1960; Lu et al, 1998) has been
introduced as a fast method for gross investigations of the surface of
the skin (Potts et al, 1985; van Lucassen 1998; Brancaleon et al,
2000). With this study we extend our initial results (Brancaleon et al,
2000) to the investigation of the in vivo regional variations and
depth-dependent inhomogeneity of the SC in the spectral range
between 5000 and 1000 cm±1. ATR-FTIR probes a shallow layer
of the sample in contact with the internal re¯ectance element
(IRE). The IRE is a crystal (typically made of germanium or zinc
selenide) transparent to the portion of the infrared spectrum
investigated. The incident infrared radiation is totally re¯ected
multiple times inside the IRE (Harrick 1960; Lu et al, 1998). Each
total re¯ection at the crystal±sample interface generates an
evanescent ®eld whose intensity decays exponentially with
increased distance from the crystal±sample interface. The distance
at which the electric ®eld has decreased to 1/e of the initial value
(conventionally de®ned as ``penetration depth'' (Lu et al, 1998))
depends on the wavelength, the angle of incidence of the totally
re¯ected beam and the index of refraction of the crystal and the
0022-202X/01/$15.00 ´ Copyright # 2001 by The Society for Investigative Dermatology, Inc.
380
Manuscript received July 20, 2000; revised October 23, 2000; accepted
for publication November 28, 2000.
Reprint requests to: Dr. Lorenzo Brancaleon, Department of Dermatol-
ogy and Photobiology Unit, Ninewells Hospital and Medical School,
Dundee DD1 9SY, U.K.
Abbreviations: ATR-FTIR, attenuated total re¯ection±Fourier trans-
form infrared spectroscopy; IRE, internal re¯ectance element; SC, stratum
corneum; t.s., tape stripping.
sample (Lu et al, 1998). For most biologic systems the penetration
depth of the evanescent ®eld in the range that we investigated is
smaller than 1.5 mm (van Lucassen et al, 1998). Recent technologic
developments have drastically reduced the size of the IRE that now
can be placed at the distal site of a bifurcated optical ®ber for in situ
experiments. We have shown that this technique can be used in vivo
to characterize grossly the lipid composition and conformational
order in the SC and sebum (Brancaleon et al, 2000).
In this study we have investigated in vivo infrared spectra of SC in
®ve different areas of the body. We also investigated the variation
of the infrared spectra as a function of penetration (achieved by tape
stripping) into the tissue. ATR-FTIR proved very useful for this
kind of task as, according to the description provided above, it
probes a thickness that is comparable with the thickness of a single
layer of corneocytes (Bommannan et al, 1990); therefore, the
penetration pro®le determined by ATR-FTIR is affected only by
the layer of SC that is in direct contact with the IRE.
One of the main parameters that can be obtained with ATR-
FTIR is the hydration of a surface measured as the intensity of the
absorption of the OH stretch of water molecules (Brancaleon et al,
2000; Marechal, 1993; van Lucassen et al, 1998). We compared the
super®cial hydration measured with ATR-FTIR with the one
measured with the Skicon hygrometer (Tagami et al, 1980;
Takenouchi et al, 1986). This hygrometer measures the super®cial
amount of water by probing the conductivity of a surface with a
low-intensity (mA), high-frequency (3.5 MHz) oscillating electric
®eld. The correlation between the values obtained with the two
instruments provided a method to calibrate the ATR-FTIR
spectrometer for the quanti®cation of super®cial water in the SC.
This calibration may prove useful for the future use of ATR-FTIR
to measure the super®cial hydration of SC in vivo.
MATERIALS AND METHODS
ATR-FTIR A description of the instrument and the methodology used
to acquire in vivo spectra has been previously reported (Brancaleon et al,
2000). In summary we used an FTIR spectrometer Vector 22 (Bruker
Analytic GmbH, Hamburg, Germany), which for in vivo spectroscopy is
equipped with a bifurcated ®ber terminating with a small (3 mm in
diameter) conical IRE made of zinc selenide (Remspec, Sturbridge, MA).
The signal is collected by the ®ber and directed to a liquid nitrogen cooled
HgCdTe (MCT) detector (EG and G, Montgomeryville, PA). The
penetration depth of the evanescent ®eld (Lu et al, 1998) is given by the
equation:
dp=[2pnn1(sin2q ± n2,12)1/2]±1
where n is the frequency of the incident radiation (5000±1000 cm±1), n1 is
the refractive index of the IRE crystal (2.42 for zinc selenide; van Lucassen
et al, 1998), q is the angle of incidence (45°), n21 the ratio between the
refractive index of the sample (1.55 for SC; Lucassen et al, 1998) and the
one of the crystal. Under these conditions the penetration of the evanescent
®eld in SC is between 0.25 and 1.2 mm (Lucassen et al, 1998).
Each ATR spectrum was the average of 80 scans. Resolution was set at
2 cm±1. Under these conditions the time needed to record a spectrum is
»30 s (Brancaleon et al, 2000). Spectra were analyzed using the OPUS 3.0
software (Galactic, Salem, NH). When necessary, ®ttings of selected
regions of the spectra were carried out as previously explained (Brancaleon
et al, 2000).
Human subjects and spectra recording Eighteen (10 men and eight
women) healthy volunteers (age 25±60) were enrolled following informed
consent. The subjects did not have any history of skin disorders and were
not under any medication at the time of the experiment. They were asked
to suspend the use of topically applied products for 48 h prior to the
experiment. The detailed protocol for the acquisition of the SC and sebum
spectra was previously described (Brancaleon et al, 2000). Brie¯y, four
spectra were acquired: two of them were recorded with the IRE touching
the SC (one before and one after the skin surface was gently cleaned); the
other two spectra are taken after the skin±IRE contact is broken. The
former two measurements provide the spectra of the surface of the skin (SC
and sebum), the latter two provide the spectra of only the sebaceous
material transferred to the IRE (Brancaleon et al, 2000). After the
acquisition of each sebum spectrum the IRE was carefully cleaned with
isopropanol or chloroform. A spectrum was acquired after the organic
solvent had completely evaporated, to verify the elimination of residual
sebaceous components. The same spectrum is used by the software as
baseline for the successive two spectra (i.e., with the IRE touching the skin
and after the IRE±skin contact was broken). Cleaning of the surface of the
skin was performed on different areas of the same site with 70% isopropanol
gauze (Prep Pad, Professional Disposable, Missisagua, ON), two to four
gentle tape stripping with D-Squame tape (CuDerm, Dallas, TX) or
application for half an hour of Sebutape (CuDerm) (Brancaleon et al, 2000).
ATR-FTIR signal intensity of soft surfaces may weakly depend on the
pressure applied by the IRE. To avoid artifacts due to changes in pressure
the IRE was held by a plexiglass cylinder that allows only the tip of the
crystal (where the total re¯ection occurs) to protrude (Brancaleon et al,
2000). This system provides a distribution of the force applied during the
acquisition over a larger area and contains the pressure-dependent changes
of the spectra intensity within 8%.
Site dependence Measurements were conducted on ®ve sites: forehead,
nose, neck, ®ngertips, and volar forearm. Subjects were allowed to rest for
30 min inside the room prior to the start of the experiments. This
precaution was taken to avoid effects related to steep temperature changes
on sebaceous glands (Shuster and Thody, 1974) and excessive transpiration
due to physical activity. At all sites two adjacent areas were cleansed with
gentle tape stripping or with isopropanol (see above). Only on the forehead
a third adjacent area was cleansed by the application of Sebutape as
described above.
Penetration dependence investigation Experiments to determine the
distribution pro®le of molecular components in the SC as a function of
depth was carried out on the volar forearm and on the ankle of 10 male
volunteers. Penetration was achieved by consecutive tape stripping of a
single area. At each site, tape stripping was performed with D-Squame tape
on an area of » 4 cm2. The amount of SC removed was estimated by
weighing the tape before and after tape strippings. ATR-FTIR spectra
were taken after 0, 2, 4, 8, 12, 16, 20, 24, 28, and 32 tape strippings.
Correlation with the Skicon hygrometer Calibration for the
measurement of the local super®cial hydration with ATR-FTIR, was
provided by the plot of the intensity of the infrared peak near 3300 cm±1
(which is mostly due to the OH stretch mode of water; Marechal, 1993;
Lucassen et al, 1998) as a function of the readings obtained with the Skicon
hygrometer (IBS, Hamamatsu, Japan). A thorough description of the
hygrometer and how it operates may be found elsewhere (Tagami et al,
1980; Takenouchi et al, 1986). Brie¯y, this instrument record the
super®cial hydration by measuring the conductivity of a surface using a
low-intensity, high-frequency electric ®eld applied between two
concentric electrodes. The conductivity is measured in micro-Siemens
(mS). This portion of the study was performed on 10 volunteers. The
intensity at 3300 cm±1 was calculated as the average of ®ve values measured
within an area of 4 cm2 on the forehead and on the volar forearm of each
volunteer; the corresponding conductivity value is the average of ®ve
readings with the Skicon hygrometer within the same area immediately
following the IR measurements.
RESULTS
Regional variations in the SC The intensity of the peak near
3300 cm±1 (attributed to the absorption of water molecules; Potts
et al, 1985; Marechal, 1993; Lucassen et al, 1998) changes from
0.08 6 0.02 on the forearm to 0.14 6 0.04 on the ®nger (Fig 1a).
The intensity of the two peaks near 2920 and 2850 cm±1 (attributed
to the aliphatic chain of lipids; Krill et al, 1992; Ongpipattanakul
et al, 1994) relative to the one near 3300 cm±1 is also a function of
the anatomic site. The ratio between the intensity near 2920 cm±1
and 3300 cm±1 (I2920/I3300) is maximum on the forehead and
minimum on the volar forearm (Table I). We have shown that
cleansing of the surface of the skin produces an increase in the
intensity of the peak near 3300 cm±1 (Brancaleon et al, 2000). At
each site, the different cleansing regimes resulted in a similar
increase of the intensity. This increase was slightly (10% on
average), but consistently, larger in sites richer in sebum such as the
nose and forehead (Table II). I2920/I3300 decreased after cleaning
the surface of the skin and the decrease was more substantial in the
®nger (» 5-fold) than in the other sites (» 2-fold) (Table I).
Regional variations of the spectral position of the CH2
asymmetric peak near 2920 cm±1 (Krill et al, 1992) occur at all
sites, but are particularly evident on the volar forearm where the
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position is on average shifted 3.1 cm±1 (2918.4 6 0.6 cm±1) towards
lower frequencies than the average position at all other sites
(2921.5 6 0.7 cm±1). The position of the CH2 symmetric peak
(Krill et al, 1992) near 2850 cm±1 is also shifted in the same direction
by 1.9 cm±1 (2850.5 6 0.8 cm±1 vs 2852.4 6 0.6 cm±1). Because of
the overlap with the absorption band near 3300 cm±1, spectral
®tting was carried out to determine the position of the CH2 peaks.
This was necessary to rule out apparent shifts due to changes in the
intensity of the 3300 cm±1 band.
Large regional variations (Fig 1b) occur in the intensity of the
peaks near 1740 cm±1 and 1710 cm±1 (attributed to the C=O bond
of most lipids; Gericke and Huhnerfuss, 1993). Finger and forearm
show a very small peak near 1740 cm±1 (in women is below the
detection limit; Brancaleon et al, 2000) and a barely detectable
shoulder near 1710 cm±1 whereas the nose and forehead show two
distinct peaks (Fig 1b and Table III).
The regional variations of the infrared absorption in the region of
the amide bands (1700±1500 cm±1) of proteins (Byler and Susi,
1986), are correlated to the changes observed in the intensity of the
3300 cm±1 peak in such a way that, to an increase in the intensity of
the 3300 cm±1 band, corresponds an increase in the absorption of
the amide band region. No major regional differences are observed
in the position of the peaks in the 1700±1500 cm±1 region (Lucassen
et al, 1998).
Regional variation of sebum We demonstrated that sebum is
mostly responsible for the bands near 1740 and 1710 cm±1
(Brancaleon et al, 2000). The absolute intensity of these bands is
maximum on the nose and below the detection limit on the ®nger
and the forearm. From the spectra of the sebaceous material
transferred to the IRE (such as the one shown in the inset of
Fig 1b) we calculated the ratio I1710/I1740. This ratio shows clear
site dependence: it is maximum on the nose and minimum on the
neck (Table III). After gently removing the super®cial lipids the
intensity of the peak near 1710 cm±1 reduces or disappears at all sites
(Fig 1c). The peak near 1740 cm±1 disappears in the ®nger and in
the forearm, whereas it is greatly reduced in the neck, forehead, and
nose. When measurable, I1710/I1740 is smaller at all sites after
cleaning the surface of the skin.
ATR-FTIR as a function of penetration into the SC We
investigated the distribution of the molecular components as a
function of depth in the SC using tape stripping (Weigand and
Gaylor, 1973).
Ankle Selected infrared spectra at different depths show the
variation in intensity of the different absorption bands (Fig 2a, b).
The intensity of the bands of water (3300 cm±1), lipids (2920 cm±1),
and proteins (1545 cm±1) as a function of tape stripping is shown in
Fig 3a. The penetration pro®le of the band near 3300 cm±1 shows
that the intensity of this peak increases abruptly after the ®rst two
tape strippings. It reaches a second maximum at 12 tape strippings
and increases again after 20 tape strippings (Fig 3a). The intensity of
the peak near 2920 cm±1 after each tape stripping was obtained with
spectral ®tting (Lucassen et al, 1998; Brancaleon et al, 2000) of the
3800±2500 cm±1 region because of the overlap with the broad band
at 3300 cm±1. The pro®le of this peak has maxima at 2, 16, and 28
tape strippings. The pro®le of the intensity of the peak near
1535 cm±1 is similar to the one of the peak near 3300 cm±1 (Fig 3a).
The peak near 1740 cm±1 does not appear until 16 tape stripping
(t.s.), disappears and is detected again after 28 t.s. (Fig 2b).
The spectral position of the peak of the CH2 asymmetric stretch
near 2920 cm±1 changes as a function of penetration (Fig 4). Quite
interestingly, the difference between the position at any given
depth and the initial position tends to oscillate and it remains within
negative values, which indicates that the spectral position of this
band is shifted towards lower frequencies throughout the SC.
Forearm The intensity of the peak near 3300 cm±1 (Fig 3b) still
changes in a nonmonotonic way although the changes are less
abrupt than what was shown in Fig 3(a). The intensity of the peakTable I. Site-dependence of the ratio between lipid
absorption (2920 cm±1) and water absorption (3300 cm±1)a
Site (I2920/I3300 6 SD)
Before gently After gently removing
removing removing
super®cial lipids super®cial lipids
Arm 1.84 6 0.31 0.93 6 0.26
Finger 2.09 6 0.27 0.48 6 0.25
Neck 1.88 6 0.19 1.1 6 0.21
Forehead 2.71 6 0.32 1.23 6 0.3
Nose 2.17 6 0.3 1.01 6 0.2
aThe numbers in the table represent the average over the whole subject
population 6 standard deviation. The data refer to isopropanol cleansing.
Table II. Site-dependence of the increase of super®cial
hydration upon cleaning of skin surface with isopropanol
Site Ia3300 6 SD Ib3300 6 SD Ib3300/Ia3300
Arm 0.085 6 0.01 0.15 6 0.06 1.8
Finger 0.126 6 0.08 0.24 6 0.07 1.9
Neck 0.099 6 0.03 0.17 6 0.06 1.7
Forehead 0.071 6 0.03 0.15 6 0.05 2.1
Nose 0.087 6 0.04 0.18 6 0.07 2.1
aIntensity of the peak near 3300 cm±1 before cleansing with isopropanol.
bIntensity of the peak near 3300 cm±1 after cleansing with isopropanol.
Table III. Intensity and ratio of the carbonyl peaks at 1710 and 1740 cm±1
Location Gender Before cleansing After cleansing with isopropanol After tape stripping 2±4 times
I1740 I1710 Ratio I1740 I1710 ratio I1740 I1710 Ratio
Arm Men 0.006 0.002 0.33 6 0.05 ± ± Not detectable ± ± Not detectable
Women ± ± Not detectable ± ± Not detectable ± ± Not detectable
Finger Men 0.023 0.012 0.52 6 0.08 ± ± Not detectable ± ± Not detectable
Women ± ± Not detectable ± ± Not detectable ± ± Not detectable
Neck Men 0.033 0.018 0.55 6 0.02 0.022 0.01 0.49 6 0.06 0.019 0.007 0.39 6 0.05
Women 037 0.016 0.43 6 0.03 0.017 0.007 0.41 6 0.05 0.019 0.007 0.39 6 0.02
Forehead Men 0.124 0.067 0.54 6 0.06 0.037 0.018 0.48 6 0.05 0.038 0.011 0.3 6 0.04
Women 0.116 0.038 0.33 6 0.02 0.028 0.005 0.19 6 0.06 0.015 0.003 0.2 6 0.03
Nose Men 0.123 0.111 0.9 6 0.01 0.049 0.033 0.67 6 0.05 0.037 0.026 0.71 6 0.03
Women 0.073 0.062 0.85 6 0.02 0.028 0.013 0.49 6 0.02 0.016 0.09 0.55 6 0.05
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near 2920 cm±1 decreases about 50% after the ®rst two tape strips
and remains constant up to 16 t.s., after which it increases again to
plateau after 24 t.s. The intensity of the peak of the amide II band
(near 1545 cm±1) remains correlated with the intensity of the peak
near 3300 cm±1. The shift in the position of the CH2 asymmetric
peak is remarkably similar between the forearm and the ankle
(Fig 4).
Correlation between ATR-FTIR and the Skicon
hygrometer In order to validate the apparent super®cial
hydration of the SC recorded with ATR-FTIR near 3300 cm±1
we correlated the intensity of this peak with the readings of
conductivity (in mS) obtained with the Skicon. The results are
shown in Fig 5(a, b). A linear correlation could be established
between the two readings. Conductivity values between 0 and
250 mS corresponded to intensities between 0 and 0.15 of the peak
near 3300 cm±1 with a regression of 0.96. Readings of 250±1600 mS
with the Skicon corresponded to intensities between 0.15 and 0.55
with a regression of 0.88. The range of values of hydration was
obtained by measuring different sites (from very dry such as the
forearm to very moist such as the ®nger) and after tape stripping (to
increase the amount of super®cial water with the partial disruption
of the permeability barrier). The correlation between the two
measurements provides a method to calibrate ATR-FTIR readings
and possibly introduce this technique to quantify the amount of
water in the SC in vivo.
DISCUSSION
Regional differences Regional variations in the relative
intensity of the infrared peaks (Fig 1) suggest variability in the
apparent super®cial concentration of the molecular components of
the SC.
The difference in the intensity of the peak near 3300 cm±1
re¯ects variations in the super®cial hydration of the SC. Despite
the overlap with other absorption bands, such as the NH stretch of
the amide A in proteins (Heberle and Zscherp, 1996), the
Figure 1. Representative ATR-FTIR spectra of human SC in vivo.
The spectra shown are the result of 80 scans and were obtained with the
IRE in contact with the surface of the skin. (a) Blue (®nger), black (arm),
red (neck); (b) black (arm), blue (®nger), red (neck), green (forehead),
orange (nose). The inset represents the spectra of the sebaceous material
transferred to the IRE. Solid (forehead), dashed (nose); (c) same spectra as in
(b) after the super®cial lipids have been gently removed with a 70%
isopropanol gauze. Within each site the variation of peak intensity was
within 3% for each subject. The between-subject, within-site variation was
approximately 20% for the peak near 3300 cm±1, approximately 15% for the
peaks near 2920 and 2850 cm±1, approximately 16% for the peaks near 1645
and 1540 cm±1. The peak position within-site was less than 3 cm±1 for the
peak of water (near 3300 cm±1) and amide bands (near 1645 and 1540 cm±1);
the within site position of the lipid peaks (near 2920, 2850 1740, and
1710 cm±1) was less than 2 cm±1. For the same site the between-subject
variation of the position of the peaks was comparable with the within-site
variation except for the peaks near 2920 and 2850 cm±1 where variations of
up to 5 cm±1 could occur.
Figure 2. Representative ATR-FTIR spectra of SC in vivo as a
function of gentle tape strippings with D-Squame tape. Spectra are
the result of 80 scans and were obtained with the IRE in contact with the
surface of the skin. Number of tape strippings: 0 (black), 2 (blue), 16 (red),
28 (green), 32 (orange). (a) Region between 4000 and 2500 cm±1. (b)
Region between 1800 and 1000 cm±1
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correlation with the Skicon measurements (Fig 5a, b) shows that in
ATR-FTIR the band near 3300 cm±1 is mainly due to the
absorption of the OH stretch of water. The site dependence of
the hydration values is consistent with previous investigations
(Wilhelm et al, 1991). The reason for the large variation observed is
not completely understood. Changes in the local production or in
the composition of lipids produced by the epidermis or by
pilosebaceous units (Wilkinson, 1969; Elias and Brown 1978;
Stewart et al, 1986; Grubauer et al, 1987; Perisho et al, 1988; Harris
et al, 1997) could explain this variation. The regional variation in
the intensity of the CH2 peaks (» 2920 and » 2850 cm±1) shows an
apparent variability in the super®cial concentration of lipids. This is
in part related to the amount of sebum present on the surface of the
skin. As sebum is almost exclusively composed by lipids (Cotterill
et al, 1971; Downie and Kealey, 1998; Nikkari, 1974) the signal of
the aliphatic chains (CH2 absorption) is stronger in areas rich in
sebum (nose, neck, forehead) where a thin layer of lipids (of
sebaceous origin) stands between the IRE and the SC. This layer is
still suf®ciently thin to allow the detection of typical SC infrared
bands (water and proteins) when the IRE touches the skin. In areas
with a poor content of sebum (forearm and ®nger) the IRE touches
the SC directly with little or no contribution of an intermediate
(sebaceous) layer. As in SC, lipids coexist with both water and
proteins (Forslind, 1994; Dale et al, 1978; Forslind et al, 1998b),
within the depth investigated by ATR-FTIR, the apparent
concentration of lipids is smaller.
Cleansing of the surface of the skin with isopropanol, tape
stripping, or Sebutape produces changes in the measured super®cial
hydration (Brancaleon et al, 2000). Our data show that the increase
in hydration is comparable at all sites (Table II), whereas the
ef®ciency in removing surface lipids (Table I) is variable.
Equally important is the site-dependent shift to lower frequen-
cies of the peaks of the CH2 stretch especially in the forearm.
Similar shifts (in extent and direction) indicate changes in the
conformational order of the lipids in vivo and in vitro (Krill et al,
1992; Ongpipattanakul et al, 1994; Brancaleon et al, 2000). A shift
of these peaks towards lower frequencies is related to a decreased
mobility (and an increased order) of the aliphatic chains (Krill et al,
1992; Ongpipattanakul et al, 1994). The larger shift was recorded
on the forearm and correlates to an apparently richer content in
ceramides at this site (suggested by the absence of the C=O peaks in
the 1800±1700 cm±1 region (Brancaleon et al, 2000). This result
suggests that, in vivo, a larger concentration of ceramides in the SC
may locally affect the conformational order of the lipid chains.
Effects of the temperature on the position of the CH2 peaks can be
ruled out as the spectra at different sites were recorded in the same
experiment, during which, the temperature of the environment did
not change.
The regional variation in the intensity of the carbonyl peaks near
1740 and 1710 cm±1 (Fig 1b, c) re¯ects the difference in the
composition of lipids in the SC and sebum (Brancaleon et al, 2000).
We have shown that the peak near 1710 cm±1 is detected only in
sebum-rich areas and is likely due to the C=O stretch of free fatty
acids, whereas the absorption of the carbonyl ester group of most of
the other lipids occurs near 1740 cm±1 (Brancaleon et al, 2000). The
lack of 1710 cm±1 absorption in the SC, observed in sites with less
sebum (forearm and ®nger) or after gentle removal of super®cial
Figure 3. Change of the intensity of water, protein, and lipid peaks as
a function of tape strippings. The change is represented as a relative
variation where I (n) is the intensity of each absorption band after the n-th tape
stripping, I (0) is the intensity before tape stripping. The data presented here
are the average of the relative change in intensity of all the subjects involved.
Error bars represent SD. (a) Ankle: (d) intensity at 3300 cm±1, (j) intensity at
2920 cm±1, (r) intensity at 1545 cm±1. (b) Arm: (d) intensity at 3300 cm±1,
(j) intensity at 2920 cm±1, (r) intensity at 1545 cm±1.
Figure 4. Spectral shift of the peak near 2920 cm±1 (CH2 anti-
symmetric) as a function of tape strippings. Df = f(n) ± f(0); where f(n)
is the frequency (in cm±1) after the n-th tape stripping and f(0) is the
frequency before tape stripping. (d) ankle, (j) arm.
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sebum (forehead, nose, neck), could be explained by the relatively
low concentration (5±16 %) of free fatty acids that are produced by
the epidermis (Grubauer et al, 1987; Harris et al, 1997; Menon and
Ghadially 1997; Forslind et al, 1998b). The occasional absence
(which is site dependent) of the 1740 cm±1 can be explained by a
local overwhelming concentration of ceramides (Downing and
Strauss, 1974; Lampe et al, 1983; Downing, 1992; Stewart and
Downing 1999; Brancaleon et al, 2000). Our data do not show any
gross difference in the position of the peaks of amide I (near
1645 cm±1) and amide II (near 1545 cm±1). The change in intensity
in this region is mostly related to changes in hydration due to the
underlying band of the OH bending near 1640 cm±1.
Regional variations of sebum ATR-FTIR spectra of sebum
(such as the spectrum shown in the inset of Fig 1b) show a much
larger incidence of fatty acids (1710 cm±1) in the nose (Table III).
This could be due to differences in the local production of
sebaceous glands or to a different activity of the bacterial
breakdown (Nikkari, 1974; Lewis et al, 1978; Downie and
Kealey, 1998). Explanations for these differences could not be
found in the literature; nonetheless, this result stresses the potential
of ATR-FTIR as a method to study gross in vivo differences in
sebum.
Penetration into the SC We believe that this study demonstrates
that ATR-FTIR represents an alternative method to investigate the
different layers of SC in vivo. This technique can detect the
inhomogeneous distribution of molecular components as a function
of depth. The tape stripping method that we employed to investigate
the layers of SC has a limitation represented by the partial disruption of
the permeability barrier. This disruption may in¯uence the changes in
the water signal recorded at different depths due to an increase in the
diffusion of water from the viable epidermis into the disrupted SC
(Harris et al, 1997). The oscillation of the intensity of the 3300 cm±1
peak in addition to its constant increase (Fig 3a) suggests the presence
of ``pockets'' of water superimposed to the monotonic increase of
super®cial water upon progressive disruption of the permeability
barrier (Murahata et al, 1986; Warner et al, 1988; Potts and Francoeur
1990). On the basis of our results, however, we cannot conclude if the
uneven distribution of water throughout SC is due to the presence of
water-®lled lacunae (Warner et al, 1988; von Zglinicki et al, 1993) or
to other phenomena related to the barrier disruption. The pro®le of
the lipid distribution (2929 cm±1) does not follow the hydration
pro®le. Again the oscillation in the intensity of this peak suggests that
besides their regular distribution in corneocytes, lipids are also
contained in local ``pockets'' where their concentration is higher.
This is in agreement with some ultrastructural investigations (Elias
and Brown 1978; Downing, 1992; Hohl et al, 1993; Menon and
Ghadially 1997). The sudden disappearance and reappearance of the
peak near 1740 cm±1 suggests that the composition of the lipids (or
their relative molar ratio) is inhomogeneous, and lipids that are not
present on the surface may occur in larger amounts deeper in the
tissue. The shift in the position of the CH2 peaks as a function of
penetration was observed before for a shallower depth of the SC
(Bommannan et al, 1990). The oscillatory behavior (Fig 4) is
strikingly similar between the two sites investigated. ATR-FTIR
spectra suggest (Fig 4) that the aliphatic chains are in different
conformation at different depth (Krill et al, 1992; Ongpipattanakul
et al, 1994). Variation in the local water content (which might force
lipids to assume an increased packing conformation) or changes in the
local lipid composition (which may also change the local
conformation of the lipid chains) might be the cause for the changes
observed in Fig 4. A depth dependence of the spectral position of the
amide bands (1648 and 1545 cm±1) was reported before (Bommannan
et al, 1990). Besides a consistent shift towards lower frequency due to
the increase of the water peak near 1640 cm±1 (Marechal, 1993), we
could not detect large differences in the overall position of the amide
bands. Probably a more elaborate data analysis of the multiple
components (water; Marechal, 1993), secondary structures of
proteins (Silvestro and Axelsen, 1999; Byler and Susi, 1986), and
ceramides (Brancaleon et al, 2000) that contribute to the infrared
spectrum in this region is needed.
Correlation between the IR signal and the super®cial
hydration Our attempt to link the hydration measured with
ATR-FTIR to the hydration measured with the Skicon
hygrometer shows a high degree of correlation. This is not
unexpected as both instruments record super®cial hydration. The
correlation is very high throughout the range of sensitivity of the
two instruments. The results of Fig 5 con®rm that the band near
3300 cm±1 is mostly due to water and other contributions do not
affect its intensity. The results of Fig 5(a, b) may also serve as a
calibration and opens the possibility of employing ATR-FTIR for
in vivo quanti®cation of super®cial hydration.
CONCLUSIONS
In summary we have shown that in vivo ATR-FTIR could
potentially be used to investigate important biophysical parameters
in the SC. Our investigations suggest that:
1 Regional variations in the molecular composition and structure
can be detected in vivo.
2 ATR-FTIR can be used to investigate the in vivo inhomoge-
neous distribution of the molecular components as a function of
depth in SC. This is a unique possibility offered by ATR-FTIR and
could be developed in the future to monitor the in vivo distribution
and the pro®le of exogenous compound applied topically or to
monitor traces of xenobiotics.
3 The correlation between infrared absorption near 3300 cm±1 and
super®cial hydration quanti®ed with the Skicon suggests that
ATR-FTIR can be calibrated for the quanti®cation of the
hydration of SC in vivo. This possibility is also interesting for the
Figure 5. Correlation between the hydration measured with the
Skicon hygrometer (expressed in m Siemens) and the one measured
with the ATR-FTIR spectrometer (expressed as the intensity of the
absorption band at 3300 cm±1). Values are an average of ®ve readings
with the Skicon. (a) Low readings range. Regression 0.96. (a) Complete
range of readings. Regression 0.88.
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in vivo investigation of moisturizing factors (Potts et al, 1985; Guy
and Potts, 1992).
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